The plasmid pPR20 contains the gene tgt, which encodes tRNA guanine transglycosylase (Tgt), on a 33-kbp DNA insert from a region around 9 min on the Escherichia coli linkage map. The plasmid was subcloned to determine the sequence and organization of the tgt gene. Tgt is a unique enzyme that exchanges the guanine residue with 7-aminomethyl-7-deazaguanine in tRNAs with GU(N) anticodons. After this exchange, a cyclopentendiol moiety is attached to the 7-aminomethyl group of 7-deazaguanine, resulting in the hypermodified nucleoside queuosine (Q). Here we give the complete sequence of a 3,545-bp StuI-BamHI DNA fragment where we found the tgt gene and three previously unknown genes encoding proteins with calculated molecular masses of 42.5 (Tgt), 14, 39, and 12 kDa. The gene products were characterized on sodium dodecyl sulfate gels after synthesis in a combined transcription-translation system. The mRNA start sites of the open reading frames (ORFs) were determined by primer extension analysis. Plasmids containing the ORF encoding the 39-kDa protein (ORF 39) complemented a mutation in Q biosynthesis after the Tgt step. This gene was designated queA. The genes are arranged in the following order: ORF 14 (transcribed in the counterclockwise direction), queA, tgt, and ORF 12 (all transcribed in the clockwise direction). The organization of the promoter sequences and the termination sites suggests that queA, tgt, and ORF 12 are localized on a putative operon together with the genes secD and secF.
The hypermodified nucleoside queuosine [Q; 7-(((4,5-cisdihydroxy-2-cyclopentene-1-yl)-amino)-methyl)-7-deazaguanosine] usually occurs in the first position of the anticodon of eubacterial and eukaryotic tRNAs, specifying the amino acids aspartic acid, asparagine, tyrosine, and histidine. In Escherichia coli, the biosynthesis of Q commences with GTP, which is converted to 7-aminomethyl-7-deazaguanine by unknown mechanisms and enzymes that are not yet characterized. This precursor of Q is then inserted into the first position of the anticodons of the tRNAs by exchange with guanine. The reaction is catalyzed by the tRNA guanine transglycosylase Tgt (EC 2.4.2.29), the sole enzyme of the biosynthetic pathway so far purified (19) . The biosynthesis of Q is completed at the level of tRNA. A cyclopentendiol moiety, probably derived from a sugar, is attached, and epoxy-queuosine [oQ; 7-(N-(2,3-epoxy-4,5-cis-dihydroxycyclopent-1-yl)-aminomethyl)-7-deazaguanosine] is formed (12) . Finally, oQ is reduced to Q by a cobamide-dependent enzyme system. In E. coli, the tRNAs of the Q family are fully modified with Q when the cells are grown under aerobic or strict anaerobic conditions, provided that the growth medium is supplemented with appropriate amounts of iron ions and vitamin B12 (6, 9; reference 10 and references therein). E. coli mutants with a defect in tgt have been described (18) , but unfortunately these mutants harbor an additional mutation in the anaerobic regulator gene fnr and proved to be unsuitable to elucidate the function of Q (5) . Transduction of the mutated tgt locus into another E. coli recipient has been performed to reexamine the consequences of the tgt mutation. F' plasmids containing a fused lacI-lacZ gene with the nonsense codon UAG at different positions in the lacI part * Corresponding author.
were transferred to E. coli strains with a mutated or nonmutated tgt locus. A twofold increase in the frequency of incorrect readthrough of the UAG codon dependent on the codon context has been found in the tgt mutant. Increased readthrough appears to be caused by tRNATYr with G instead of Q when the adjacent tRNA on the ribosome also belongs to the Q family (5) . Whether this slight increase in error frequency is of any biological significance is presently not known.
Only eubacteria synthesize Q de novo, while lower and higher eukaryotes obtain the corresponding base, queuine, from nutrients or from the intestinal flora. With the exception of yeast cells and plant leaf cells, all eukaryotic cells contain Q as the free base or incorporated into the respective cytosolic and mitochondrial tRNAs. The extent of Q modification of the respective tRNAs and the occurrence of free queuine changes according to the proliferative and metabolic state of eukaryotic cells and tissues (summarized in references 9, 10, and 17). Previously, we have reported that queuine stimulates the proliferation of HeLa cells at high cell density or under hypoxic conditions (13) . Queuine reduces slightly, but significantly, the overall synthesis of proteins in intact mammalian cells and in corresponding cell-free systems and modulates the phosphorylation of specific proteins (13, 14) .
The importance of queuine as a growth modulator for higher eukaryotes, especially under hypoxic conditions, and the limited knowledge of the biosynthesis and function of Q in eubacteria (5, 9, 17) led us to study the genes and enzymes involved in Q biosynthesis in E. coli. Cloning and characterization of Q biosynthesis genes, described in this article, permit (i) overproduction of the corresponding enzymes and study of their structure and interaction with tRNA and (ii) construction of defined deletion mutants and characterization of changes in their phenotypes. The tgt gene is localized around 9 min on the E. coli map (1, 18) between the phoBR operon and tsx. The phoBR operon has been cloned (30) , and J. P. Tommassen and coworkers kindly provided plasmid pPR20, which contains the tgt gene. Here we describe the structure and organization of a putative operon containing tgt and a new Q biosynthesis gene designated queA.
MATERIALS AND METHODS Materials. Restriction endonucleases and DNA-modifying enzymes were purchased from Boehringer, Mannheim, Germany, and from GIBCO Laboratories, Bethesda, Md. The
[3H]guanine sulfate, [a-32P]ATP, and [,y-32P]ATP were obtained from Amersham Corp., Little Chalfont, United Kingdom. Culture media were from Difco Laboratories, Detroit, Mich. Quiagen columns were purchased from Diagen, Dusseldorf, Germany. The Nested Deletion Kit was from Pharmacia, Uppsala, Sweden.
Bacterial strains and plasmids. The bacterial strains and plasmids used in these studies are listed in Table 1 . The bacteria were transformed with the plasmids by the standard transformation protocol (15) .
Media. Strains were subcultured in LB medium (16) or LB medium with 1.5% agar added. Antibiotics were added to the growth media in the following concentrations: chloramphenicol, 10 jig/ml; ampicillin, 100 ,ug/ml; tetracycline, 20 ,ug/ml; and streptomycin, 25 ,ug/ml.
Cloning procedures. DNA manipulations and restriction fragment isolations were performed according to the methods described in reference 15.
Characterization of the tgt and queA mutations. The respective tRNAs from tgt mutants contain a guanosine residue in the anticodon in place of queuosine (Q). The total amount of the Q-deficient specific tRNAs in bulk tRNA was determined by using a partially purified tRNA guanine transglycosylase from E. coli (5, 19) . The enzyme not only replaces the guanine residue in the anticodon with the queuine precursor, 7-aminomethyl-7-deazaguanine but also can exchange the specific guanine residue in Q-deficient tRNAs by guanine. Once the synthesis of queuosine is completed, the enzyme cannot replace it with guanine (19 DNA sequence determination. Sequence analysis was performed by the dideoxy-chain termination method (24) . The respective DNA fragments were cloned in pUC19. The sequence was analyzed with double-stranded DNA as a template. The DNA was purified with Quiagen-pack 100 columns, according to the protocol of the producer. Both the universal M13 primer and the reverse M13 primer were used for the modified T7 polymerase (Sequenase) reaction (29) . Occasional band compression effects were resolved by the use of dITP instead of dGTP in the Sequenase reaction. The nucleotide sequence was determined from both directions. Nested deletions were obtained by using a Nested Deletion Kit with exonuclease III and S1 nuclease.
Computational analysis. The sequence was analyzed by applying the Genetics Computer Group Sequence Analysis Software Package, version 6.1 (April 1990 ) (4) (SDS-PAGE), running parallel to a molecular weight standard.
Nucleotide sequence accession numbers. The nucleotide sequence data in Fig. 2 are accessible in the EMBL Data Bank under the accession numbers M35286 and M37702.
RESULTS
Subcloning of the tgt gene. Plasmid pPR20 (30) contains a 33-kbp insert of E. coli chromosomal DNA that spans the whole region where the tgt gene is located (18) . This plasmid complemented the tgt mutation when transformed into the tgt mutant SJ1505. The tRNA from the transformed strain was fully modified with respect to Q. This was demonstrated by analysis of the tRNA from the transformant SJ1505/ pPR20 by the transglycosylase assay and by high-performance liquid chromatography analysis of the tRNA nucleosides (details of tRNA analysis are described in Materials and Methods and in reference 6) (results are not shown). The insert in pPR20 was subcloned and resulted a SalI-BamHI insert of 1,823 bp (pUSB12 in Fig. 1 ) that fully complemented the tgt mutation.
Nucleotide sequence of tgt and its flanking regions. The nucleotide sequence of the SalI-BamHI fragment was determined for both strands from overlapping deletion subclones. The sequence data that we obtained led us to suggest that the tgt gene might be located together with other genes on one operon. We therefore determined the sequence for the whole HindIII-BamHI insert of the plasmid pHB1, from which the SalI-BamHI fragment was originally subcloned. The strategy for subcloning is shown in Fig. 1 . We present the sequence of the pHB1 insert from the StuI site to the BamHI site in Fig. 2 . Computational translation of the nucleotide sequence in the three possible reading frames and for both strands revealed four ORFs.
The first reading frame (ORF 14) was oriented opposite to the other three reading frames. It consisted of 114 codons from nucleotide 483 to 142. Therefore, it is depicted on the minus strand in the sequence. A putative ribosome binding site (27) , GGA (TCC on the minus strand), was centered 4 bp upstream of the start codon (Fig. 2) . According to the codon usage in E. coli (8) , the putative gene was suggested to be expressed at a relatively low level. The molecular mass of the gene product was calculated to be 14 kDa.
The second reading frame (ORF 39) consisted of 356 codons from nucleotides 812 to 1879 and ended with a TAA stop codon. A potential ribosome binding site (GAG) started 8 bp upstream of the initiator codon ATG. According to the codon frequency, this gene is expected to be moderately expressed. The calculated molecular mass of the gene product was 39 kDa.
The third open reading frame, tgt, 58 bp downstream of ORF 39, was composed of 375 codons from nucleotides 1938 to 3062 and was terminated by a TAA stop codon. This was followed in frame by a sense codon and three further stop codons, TAA TAA TGA. The reading frame corresponded to the tgt gene, as identified by nested deletions of pUSB12 from both sides and subsequent complementation analysis using pUSB12 derivatives (Table 2) . A putative ribosome binding site, GGAG, was positioned 5 bp upstream of the initiator codon ATG. Also, tgt appeared to be moderately expressed with respect to the codon usage in E. coli. The calculated molecular mass of the gene product was 42.5 kDa, which differs somewhat from the molecular mass of 46 kDa estimated for the purified enzyme by SDS-PAGE.
The fourth ORF (ORF 12) was found 25 the last triplet of tgt, from nucleotides 3088 to 3417. This reading frame comprised 110 codons and also terminated with a TAA stop codon. The codon usage pointed to a more strongly expressed gene. A possible ribosome binding site (GAGG) was present upstream at a distance of 8 bp. The molecular mass of the corresponding gene product was calculated to be 12 kDa.
No DNA structures resembling rho-independent terminators were found downstream of any of the open reading frames. All four reading frames were analyzed at the amino acid level for sequence similarities with the protein sequences in the GenBank and EMBL data bases by using a VAX computer and the Genetics Computer Group program TFASTA (4). Significant homologies or identities were not observed.
The proximity and the same transcriptional orientation of ORF 39, tgt, and ORF 12 suggested that these genes are arranged in one operon. While this manuscript was being prepared, Gardel and coworkers published the nucleotide sequence of the E. coli genes secD and secF, which are located on the E. coli chromosome in the same region as tgt (7) . The products of secD and secF are membrane proteins involved in the translocation of secreted proteins. Here from the sequence that the initiator codon of secD might be GTG or ATG (here, nucleotides 3448 to 3450 or nucleotides 3481 to 3483, respectively) (Fig. 2) . Downstream of secF a rho-independent terminator has been identified (17 
TTAAACCGTTATCCTTTGTGGAAGTACGTCATGCTGATCGTGGTGATTGT CATCGGTCTGCTGTATGCGCTTCCCAACCTGTTTGGTGAGGATCC 5'-AGGAGAAATCGGTAACGCGCAT-3', was annealed to total RNA from E. coli K-12. Primer extension with reverse transcriptase was performed, and the size of the product was determined by electrophoresis on a DNA sequencing gel. The DNA sequence of plasmid pHS1, analyzed with the same primer, served as a size marker (Fig. 3a) . (Fig. 3b) . Six base pairs further upstream a -10 box with the sequence TAC AAT was present; however, a -35 region was not detectable within a reasonable distance.
To elucidate whether an additional promoter also precedes ORF 12, the 22-mer oligonucleotide with the sequence 5'-CAGCATCAAAATCAAATCAAAGACATC-3', comple- mentary to nucleotides 3147 to 3168, was used. The mRNA start site was found at nucleotide 3006 (Fig. 3c) analyzed by autoradiography. Plasmid pHS1 encoded ORF 14 and ORF 39. Two major proteins were expressed and are visible in Fig. 4a in addition to the 1-lactamase encoded by the pUC19 vector (compare lanes 1 and 2). One protein migrated to a position corresponding to a 39-kDa protein; the molecular mass agreed exactly with the predicted molecular mass of the ORF 39 gene product. The other protein, which migrated to the molecular mass region of about 12 kDa, must be the product of ORF 14.
The product of tgt, the tRNA guanine transglycosylase, was obtained in an assay performed with plasmid pUSB12 (Fig. 4b, lane 1) . In electrophoresis performed with a 10% polyacrylamide gel, Tgt migrated to the molecular mass region of 46 kDa. This agrees exactly with the molecular mass described for the purified enzyme (19) . Both values differ somewhat from the molecular mass of 42.5 kDa deduced from the nucleotide sequence, indicating differences between the overall distribution of amino acids of Tgt and that of the marker protein.
Surprisingly, plasmid pDE2a, which contains nucleotides 1944 to 3545 but lacks the ribosomal binding site, the promoter, and the first two codons of the tgt gene, complemented the tgt mutation in part (Table 2 ). Q modification of tRNA was completed only in the stationary phase. This indicates that the modifying enzyme was present in growing cells at a very low level. When the truncated gene was cloned into a low-copy-number plasmid, pACYC184, complementation did not occur. In vitro expression of pDE2a resulted a tgt gene product reduced slightly in size and considerably in amount (Fig. 4b, lane 2) . Both results show that an incomplete Tgt can be formed, but in rather small amounts. Anor codon might be the GTG at positions 2007 to 2009. It is not known whether the alternate expression is of any biological significance. A similar phenomenon was observed in the case of the mcrB gene (23) . The mcrB locus of E. coli K-12 mediates sequence-specific restriction of cytosine-modified DNA. For comparison, the proteins derived from the vector pUC19 are shown (Fig. 4b, lane 3) .
The product of ORF 12 was identified upon in vitro expression of plasmid pDE4-12. Migration was found in the region of about 14 kDa (Fig. 4c, lane 1) . The protein contains a hydrophobic stretch of about 30 amino acids at the N terminus. This might cause a slight retardation during electrophoresis. In a corresponding control, pUC19 was applied (Fig. 4c, lane 2) . Note that the protein with an apparent molecular mass of 14 kDa on the gel is the product of ORF 12, which is downstream of tgt, and that the protein with an apparent molecular mass of 12 kDa on the gel is the product of ORF 14, which is upstream of ORF 39.
Finally in vitro expression was investigated with plasmid pHH1, whose insert contains all of the sequenced genes as well as secD and secF. The expected proteins were recognized after electrophoresis on an SDS-PAGE gel (15% polyacrylamide) (Fig. 4d, lane 2) . For comparison, the translation products of plasmid pACYC184 are shown (Fig.  4d, lane 1) .
A new queuine biosynthesis gene, queA (ORF 39). An E. coli mutant strain, JE 10651 (20), a derivative of E. coli K-12, was described to be defective in queuine biosynthesis. In this mutant, queuine biosynthesis stops after the precursor, 7-aminomethyl-7-deazaguanine, has been incorporated into the tRNA (20) . In our laboratory, tRNAs from this strain can be characterized by the tRNA transglycosylase assay (see Materials and Methods). The proximity of ORF 39 and ORF 12 to tgt led us to suggest that the genetic defect of mutant JE 10651 might be complemented by one of these genes. The mutant was therefore transformed with plasmids pHH1, pHS1, pSH17, and pUSB12 (for details, see Fig. 1 ). According to the analysis of tRNA from the transformants, only plasmids pHH1 and pHS1, which encode the intact ORF 14 and ORF 39, restored the biosynthesis of queuosine in mutant JE 10651. Plasmids pSH17, which contains ORF 14, but lacks the carboxy-terminal 140 codons of ORF 39, and pUSB12, which contains tgt and ORF 12, were ineffective (Table 3) . Clearly, ORF 39 encodes a new Q biosynthesis enzyme. The gene ORF 39 was designated queA.
Chromosomal organization of tgt and adjacent genes. Comparison of the restriction map of the insert of pPR20 with that of the E. coli chromosome (11) indicated that queA, tgt, and ORF 12 are transcribed in the clockwise direction. The arrangement of these genes on the putative tgt-sec operon is shown in Fig. 5 .
DISCUSSION
In this paper, we describe the structure and organization of the tgt gene, which is located at 9 min on the E. coli linkage map. Analysis of the sequence and organization of the tgt region supports the view that tgt is part of a complex operon. The putative operon comprises five genes, and is preceded by a gene transcribed in the opposite orientation. Upstream, close to tgt, a new Q biosynthesis gene designated queA was discovered. Complementation studies using strain JE 10651, which has a mutation in Q biosynthesis beyond the Tgt step, suggest that the gene is responsible for the synthesis and/or attachment of the cyclopentendiol moiety to the 7-aminomethyl group of 7-deazaguanine at the level of tRNA.
Further analysis of the tgt region indicated that queA and tgt are followed by an ORF encoding a 12-kDa protein whose function is as yet unknown. Downstream of ORF 12, the genes secD and secF are located. The sequences of secD and secF were published recently by Gardel et al. (7) . Here we show that part of the tgt sequence and that of ORF 12 overlap the 5' adjacent sequence described for secD. The tgt (21) . This might be a hint that the tgt promoter requires binding of an activator protein.
The -35 and the -10 regions of the queA promoter are spaced by a GC-rich sequence (14 out of 17 bp are GC). A stretch of GC base pairs resembling a discriminator region precedes the transcription start point, a typical quality of stringently controlled promoters (31, 32) . We assume that secD and secF are part of this operon. This agrees well with the fact that genes encoding products which are involved in the transport of proteins are located on complex operons that are subject to mechanisms of growth control. Thus, secA occurs in a cluster of regulated genes involved in cell fission and the biosynthesis of the murein sacculus (26) . The genes secY and secE are organized on a stringently controlled operon, encoding ribosomal proteins (2, 25) . ORF 14, which precedes the putative tgt-sec operon, appears to be rather weakly expressed. Possibly the product of ORF 14 is a regulatory protein that controls the expression of the tgt operon.
Computational comparison of the sequenced genes, ORF 14, queA, tgt, and ORF 12, with other known genes by using the GenBank and EMBL data bases did not reveal any significant homologies. With respect to tgt and queA this is not surprising, because the tRNA-modifying enzymes are highly specific with respect to the tRNA species, the specific base to be modified, and the position in the tRNA molecule.
